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ABSTRACT: Alpha-fetoprotein (AFP) is a serum biomarker mainly for early-stage diagnosis and prognosis of primary liver cancer
in clinical analysis. As a label-free analyte-specific biosensor with ultrahigh sensitivity and broad detection range, photoelectrochem-
ical (PEC) sensor is promising for the AFP detection. A unique feature of the PEC sensor, the separation of its excitation source and
the detection signal, offers a great opportunity in the spatial and temporal domain to enhance its performance. For the spatial domain,
AUNPs/TiO,/Au (in short, ATA) sandwiched structure was designed for magnetic resonance generation and light absorption enhance-
ment. The strong light-matter interaction due to the dipole image effect has achieved a one-order-of-magnitude increase in the pho-
tocurrent response, the sensitivity and the signal-to-noise ratio (SNR) of the designed sensor. Instead of the typical method that
manually switches the light source for photocurrent, an irradiation-modulated method (IMM) was proposed to modulate the light
source in the temporal domain. Such modulated signal can be coherently amplified and extracted from a strong noise background,
which improves the SNR of the photocurrent signal and leads to a larger measurement range. This designed AFP biosensor exhibited
one-order-of-magnitude wider linear detection range from 10 pg mL? to 1 ug mL? with a detection limit of 4.5 pg mL™. Benefiting
from simple preparation process, automated operation and markedly improved performance, this proposed PEC detection method can
be promisingly used to enhance the performance of various PEC sensors for other proteins detections.

Hepatocellular carcinoma (HCC) is the most common and le-
thal form of liver cancer in adults with a poor early diagnosis
and prognosis.** As a widely used tumor biomarker,>” AFP has
shown great promise in the early clinical diagnosis of HCC.®
The average value of AFP concentration is 3.4 ng mL? in
healthy adults’ serum and is between 4.2 ng mL™* and 520 ng
mL for HCC patients.**! Therefore, the HCC early diagnosis
and prognosis in clinical analysis requires the detection method
of AFP concentration to have a high sensitivity and a wide lin-
ear range.

The photoelectrochemical (PEC) sensor is a rising method for
various biological interactions.’>?* It can probe photoelectron
transfer processes at electrode-solution interfaces,® potentially
achieving a higher sensitivity because its excitation source and
the detection signal are separated.'® ¥ Furthermore, the low
background noise and the fast, cost-effective detection process
make it promising for the early clinical diagnosis.'®
AUNPs/TiO, is a promising photo-active composite material
due to its high chemical stability and low toxicity.*® 192% At pre-
sent, a few PEC sensors based on AuNPs/TiO- have been suc-
cessfully developed to specifically detect various analytes.?*2®
However, aiming at AFP concentration quantitative detection

from various kinds of liquid biopsies (e.g., serum, saliva), the
performance of the PEC sensor still needs further improvement.

Herein, according to the physical mechanism of the PEC sensor,
its photocurrent (originated from incident irradiation) response,
which is determined by the interaction between the chemical
and biological analyte, can be enhanced in the spatial and tem-
poral domains.

To enhance the light-matter interaction in the spatial domain,
AUNPs/TiO2/Au (in short, ATA) sandwiched nanocomposite
film (see Figure 1(a)) was applied as an electrode for AFP anal-
ysis. The charge transfer of ATA-film is shown in Figure 1(b).
Under the visible irradiation, the collectively oscillated elec-
trons due to localized surface plasmon resonance (LSPR) gen-
erate hot electrons, which jump over the Schottky barrier
formed at the metal-semiconductor interface to be injected into
the nearby TiO, layer, and finally transfer to the Au layer and
FTO substrate.?! 24 2°30 Dye to the dipole image effect gener-
ated by the proposed ATA electrode, magnetic resonance local-
ized between AuNPs and Au film significantly enhances the
light absorption and the photo-to-electric conversion efficiency.
In the case of the temporal domain, the irradiation-modulated
method (IMM) was proposed as a measurement strategy to
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further boost the sensor performance. In IMM, the illumination
of the light source was modulated by a reference signal in the
temporal domain. And a lock-in amplifier was used to single
out and amplify the component with the same frequency and
phase as the reference signal. Thus, the signal-to-noise ratio
(SNR) of the output signal can be significantly improved by dif-
ferentiation and accumulation in the lock-in detection. The
comparison of our sensor with other AFP sensors based on var-
ious sensing principles indicates that this sensing strategy is one
of the best potential candidates for HCC early-stage diagnosis
and prognosis in clinical analysis. Furthermore, with the merits
of simple preparation process, automated operation and greatly
enhanced performance, this proposed amplification strategy can
be applied to various PEC sensors for other proteins.
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Figure 1. (a) ATA sandwiched structure. (b) Charge transfer
mechanism of ATA-film.

Materials and Methods
Chemicals and materials

Antibody against alpha-fetoprotein (monoclonal) was pur-
chased from Sangon Biotech (Shanghai) Co., Ltd Alpha-feto-
protein (AFP) was obtained from Shanghai Haling Biotechnol-
ogy Co., Ltd. carcinoembryonic antigen (CEA) was obtained
from Shanghai Linc-Bio Science Co. Ltd. (China). The FTO
glass was purchased from NSG, Japan. 1-ethyl-3-(3-dimethyla-
minopropyl) carbodiimide hydrochloride (EDC), N-hydroxy-
sulfosuccinimide (NHS), phosphate buffered saline (PBS, 0.01
M, pH = 7.4), and bovine serum albumin (BSA, 0.1%) were
purchased from Sigma-Aldrich Corporation (Saint Louis, MO,
USA). B-Mercaptoethylamine was purchased from Aladdin Re-
agents Ltd. All experiments used deionized water (18 mQ resis-
tivity).

Devices

The morphology and the element mapping of the samples were
studied using a scanning electron microscope (SEM, JSM 5600)
for energy dispersive spectroscopy (EDS). The optical absorp-
tion characteristics were studied by measuring the UV-visible
absorption spectra using an ultraviolet-visible spectrophotome-
ter (Shimadzu, UV-2600). The crystal structure of the sample
was recorded by X-ray diffraction (XRD, Rigaku-D/max-
2500). PEC measurements were carried on a CS2350H electro-
chemical workstation (Wuhan Corrtest Instruments Corp., Ltd)
with a three-electrode system, the sample as the working elec-
trode, a platinum wire as the counter-electrode, and a saturated
Ag/AgCI electrode as the reference electrode. Finally, the ex-
perimental signals and the synchronization signal generated by
the chopper (SR540, Stanford Research Systems) were col-
lected by a lock-in amplifier (SR830, Stanford Research Sys-
tems) and were further recorded by a digital storage oscillo-
scope (DSO, GDS-2302A).

Preparation of ATA-film electrode

The ATA composite was fabricated according to the previous
experimental method.?® Firstly, the Au film was grown via mag-
netron sputtering on a glass substrate. Subsequently, TiO; sol-
gel solution prepared according to the previous production
method was deposited on the Au film surface by the spin coat-
ing of which speed was carefully adjusted to control the thick-
ness of the TiO2 film.3! To deposit AUNPs on the formed TiO;
thin film, another Au film with 5 nm thickness was prepared by
magnetron sputtering. After thermal annealing at 480°C for 1
h,® AuNPs with uniform diameter were achieved.

Biochemical modification

The fabrication procedure of the sensor is shown in Figure 2.
The sensor electrode washed by deionized water was immersed
in B-Cysteamine solution (40 mM) and placed at room temper-
ature in a dark environment for 12 h. After five rinses with de-
ionized water, the unbound B -cysteamine was dried in a nitro-
gen stream. The antibody solution was mixed with PBS solution
containing 4mg mL* EDC and 4mg mL? NHS in a 37 T shaker
for 30min. The carboxyl group in the antibody was activated
into NHS ester, which effectively combined with the amino
group on the sensing electrode. Then the sensor was immersed
in the activated antibody solution, placed under the incubator at
37T for 1 h, and the antibody was uniformly fixed on the sur-
face of the sensor electrode. To avoid electrostatic adsorption
and steric hindrance between antibodies, the unbound and non-
specific sites on the surface were sealed with 0.1% BSA for 30
min.
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Figure 2. Fabrication procedures of ATA-film PEC sensor with
AFP modification.

Photocurrent measurement based on IMM

The schematic graph of the IMM system is presented in Figure
3. Video of the IMM operations is provided in Supporting In-
formation S1. In this method, the light source was modulated
by an optical chopper. On one hand, the on/off of light source
can generate a transistor-transistor logic (TLL) signal Vj4(t)
which was sent into the lock-in amplifier then changed into a
sinusoidal signal V..¢(t) for reference. On the other hand, as the
irradiation was flashing at the electrode, a photocurrent signal
I;,(t) was generated and collected by the electrochemical
workstation. I;,, (t) was also converted into a proportional volt-
age signal Vin(t) and can be obtained from the analog port of the
electrochemical workstation.

Then, a phase-sensitive detection (PD) technique was used to
detect and measure very small AC signals, i.e., V;,,(t), obscured
by noise sources. The implementation of PD can be briefly de-
scribed as the following three steps.

Firstly, V;,(t) and V,¢(t) are multiplied as
Vpsd = Vin () Veee(£) 1)



As any signal can be decomposed into several sinusoidal com-
ponents according to the Fourier theory, V;,(t) is represented
by only one of these sinusoidal components, i.e., Vi,(t) =
Aipsin(wint + 6g). Besides, assume the reference Vi¢(¢) can
be represented as V,e;(t) = AerSin(wyert + Oper) . FOr both
Vin(t) and Vi¢(t), A 0,0 are amplitude, frequency and phase
of a sinusoidal signal, respectively. Then, Eq. (1) is transformed
to Eq. (2)

1
VPD = EAinArefCOS[((‘)in - wref)t + (gin - gref)]'

1
EAinArefCOS[(win + wref)t + (Qin + gref)](z)
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Figure 3. Schematic diagram of the IMM.
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Obviously Vpp has two AC signal components, one at differ-
ence frequency w;, — wrer and the other at sum frequency
Wi + weer. Since the on/off time of chopper is in the order of
seconds and the response time of electrode is in the order of
picoseconds, the difference between these two time scales is
about 12 orders of magnitude, so the response speed of the elec-
trode is fast enough and w;, is considered to be identical
to Wref-

Secondly, by passing a low-pass filter to remove the sum fre-
guency component, also taking into account that w;, = wyer,
Vpp is transformed to Vp,, and can be expressed as

, 1
VPD = EAinArefcos(ein - eref) (3)

Thirdly, to eliminate 6;, — 6,.¢, another PD signal Vpp =
1/24;h,4Ae5Sin(6;, — Ocr) Can be obtained according to the in-
ternal algorithm of the lock-in amplifier following the similar
procedure of Eqg. (1), but with an additional 90 <phase shift of
Vier(t). The overall output of lock-in amplifier R is

’ n 1
R= 1/VPD2 + VPD2 = EAinAref @)

In the ideal case, R only contains the DC component. However,
as limited by accuracy of the cut-off frequency of lock-in am-
plifier’s internal filter, the AC component cannot be completely
removed, thus R is still a time variant signal and should be fur-
ther processed by an external digital low-pass filter F(n). The
output of filter F(n) is denoted by y(n). Since the modulation
frequency (i.e., for) was set at 1.8 Hz to avoid insufficient cur-
rent response, the cut-off frequency of F(n) was set as 3 Hz to
effectively suppress the 2" and higher order harmonics of 1.8
Hz. For details of parameter settings, see Supporting Infor-
mation S3.

In Figure 4, y(n) was repeatedly measured by peak-to-peak
values in several consecutive time spans that each contains at
least two periods (when f..;= 1.8 Hz, two periods of
y(n) equals 1.1 s). Although more repeated measurements and
the average operation would give more accurate results, in our
experiments, relatively stable results can be obtained after 2 - 3
periods. Furthermore, a more exciting discovery is that the cur-
rent spike during the light source on/off switching due to the
charge recombination can be easily removed. In addition, the
automatic operation of the proposed IMM method paves the
road to more stable and accurate results.
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Figure 4. Overall output of the lock-in amplifier in temporal
domain. The signal is highly periodic.

Figure 5. SEM images of TiO,/Au-film/FTO (a), ATA/FTO
(b), anti-AFP/ATA-film /FTO (c), and cross-section of the pre-
pared ATA-film/FTO (d). The inset of (b) shows the enlarged
view of AuNPs.

Results and Discussion
Characterization of the modified electrode

The surface and lateral morphologies of the PEC sensor elec-
trode were characterized by SEM. It can be found that the sur-
face of the fabricated TiO./FTO electrode (Figure 5(a)) is uni-
form and relatively smooth. After the deposition of AuNPs, the
nearly-spherical AuNPs are uniformly distributed on the sur-
face of TiO; film (Figure 5(b)). After the surface modification
of AFP antibodies, biological macromolecules appear on the
electrode (Figure 5(c)). The cross-section of the fabricated ATA
structure presents a multilayer structure on the FTO substrate
(Figure 5(d)). Additionally, the EDS data in Figure 6 shows that
Ti, O, and Au signals were detected from the ATA, indicating
that the composite consists of TiO, and Au.
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Figure 6. EDS mapping images of ATA-film/FTO for Au (a),
Au (b), Ti (c), and O (d).
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Figure 7. Fluorescence images of the control experiment (a)
and the anti-AFP-FITC modified on the biosensor surface (b).
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Figure 8. X-ray diffraction patterns of TiO./FTO (blue line),
and ATA-film/FTO (black line).

Fluorescein isothiocyanate (FITC) can react with the amino
group of the protein to label the fluorescein AFP antibody. As
shown in Figure 7(b), green fluorescence spots uniformly cover
the whole area. As the control, the electrode without fixed anti-
body presents no green fluorescence points under the same con-
ditions as shown in Figure 7(a). The results indicate that the
AFP antibodies had been successfully incubated on the elec-
trode surface. After the optimization of the incubation time and
the electrolyte pH, a high-performance electrode for the PEC
sensor was prepared (see Figures S1 and more details in the
Supporting Information S2).

Figure 8 shows the crystal structure of the ATA composite film
by XRD. The red diffraction peak represents the FTO substrate,
all the diffraction peaks at angles 25.35< 37.78< 48.07<
53.92< 55.11< 62.72< and 68.594<(marked by orange dots)
for the TiO, can be perfectly indexed as the anatase TiO, re-
spectively (JCPDS no. 04-0477).%The peaks (marked by blue
dots) at 26 = 38.05< 44.39< 64.58< and 77.56<are the crystal
planes of Au (JCPDS no. 02-1095).%

Realization of dipole mirror effect

To understand the mechanism of broadband optical absorption
of ATA sandwiched structure, the electric and magnetic field

distributions were simulated by the three-dimensional finite-
difference time-domain (FDTD) method. In this work, two
types of models: AuNPs/TiO, and ATA structure were investi-
gated when the TiO; film between the Au film and AuNPs has
different thickness (thickness = 20 — 100 nm, marked as T20 —
T100). As shown in Figure 9, with the increase of TiO, thick-
ness, strong magnetic field gradually appeared in the TiO; layer
and gold film due to magnetic resonance.®%" The ATA-film
(T70) has the strongest magnetic resonance, which indicates an
extremely strong irradiation absorption due to the image dipole
effect.® When the thickness of the TiO; interlayer continued to
rise (100 nm), the area and intensity of the magnetic field
dropped significantly, suggesting a decrease in energy absorp-
tion. Moreover, a local enhanced electric field can be observed
in the bottom tips of AuNPs, of which intensity shares the same
trend with that of the magnetic field. The strong electric and
magnetic field of the ATA sandwiched structure greatly en-
hance the absorption of light, further contributes to the improve-
ment of the photocurrent.® Such phenomenon is consistent well
with some previous studies.® 4 According to the simulation
analysis above, the thickness of TiO, film was chosen as 70 nm
in the ATA sandwiched structure in the following experiments.
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Figure 9. FDTD simulated results. The electric field distribu-
tions of AUNPs/TiO; (a), and ATA-film with different TiO,
thicknesses (T20 (b), T70 (e), T100 (f)), and the magnetic field
distributions of AUNPs/TiO, (c), ATA-film with different TiO,
thicknesses (T20 (d), T70 (g), T100 (h)).

The enhancement of light absorption was further demonstrated
by UV-vis absorption spectroscopy (see Figure 10). It can be
seen that the pure TiO, layer little absorption of visible light,
and AuNPs/TiO, composite exhibits an absorbance peak at ap-
proximately 540 nm, which is attributed to the LSPR of the
AuNPs. The purple line is for the ATA sandwiched nanocom-
posite film (T20), and is significantly enhanced compared with
that of AuNPs/TiO.. Furthermore, when the thickness of the
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TiO; layer is increased to 70 nm (T70, blue line), the absorption
is further enhanced. The enhanced light absorption paves the
way to the improvement of photoelectric response and the opti-

mization of SNR.
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Figure 10. UV-vis absorption spectra of TiO2, AuNPs/TiOg,
ATA films with different TiO, thicknesses (T20, T70).
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Figure 11. (a) EIS spectra of a series of photoelectrodes
(AFP/anti-AFP/ATA-film(a), anti-AFP/ATA-film(b), TiOx(c),
AUNPs/TiO,(d), ATA-film(e)). (b) Photocurrent responses of
TiO; film, AuNPs/TiO; film and ATA-film.

Photoelectrochemical and EIS performance

Figure 11(a) shows the EIS spectra of the PEC electrodes on
different stages of the assembly process, and reveals the elec-
tron transport on the electrode surface. It can be found that the
TiOL/FTO electrode (yellow line) shows a relatively small re-
sistance. After AUNPs were deposited on the TiO- film surface,
the diameter decreases (orange line), which indicates that
AUNPs can promote charge transport. The observed diameter of
ATA-film (red line) in the EIS spectrum is the smallest, sug-
gesting higher conductivity and larger charge transfer effi-
ciency compared with other electrodes. After the incubation of
the AFP antibody on the electrode (green line), the diameter of
the semicircular curve is increased, which is due to the non-
conductive effect of the AFP antibody. As the photoelectric
chemical sensing electrode was incubated with the target anti-
gen (blue line), it resulted in a further increase of the diameter,
showing the successful binding between the AFP antigen and
the antibody.

Photoelectric response enhancement of ATA-film was further
demonstrated in the photocurrent investigation. Figure 11(b)
shows that no significant photocurrent changes are observed
during the on-off cycles of the TiO,/FTO electrode. After the
deposition of AuNPs, the photocurrent signal response is 5-fold
that of the original TiO- film due to the injection of hot electrons
from the LSPR-excited AuNPs to TiO,. When the Au film was
added between the TiO- thin film and the FTO glass, because
of the dipole image effect as shown in the FDTD study, the pho-
tocurrent density is significantly increased to 30 pA, more than
6-times that of the AuNPs/TiO; electrode. Such an enormous
growth of photocurrent paves a way to improving the perfor-
mance of the ATA sensor (see detailed analyses below).

Power spectral density analysis and SNR calculation

The raw signal Vi, (t) in Figure 12(a) was obtained from the an-
alog port of electrochemical-workstation, processed by a lock-
in amplifier (Figure 12(b)), and then filtered by a 3-Hz low-pass
digital filter for harmonics suppression (Figure 12(c)). Intui-
tively, the noise is mitigated and the signal is gradually
smoothed by our proposed method.

The corresponding power spectral density (PSD) of the signals
in Figure 12 (a)-(c) are given in Figure 12 (d)-(f). In Figure
12(d), the 1.8-Hz fundamental frequency and its 2" harmonic
have almost the same power level, and the 3"-5" harmonics and
the 50-Hz noise are presented as well. After using our proposed
IMM method, all orders of harmonics and the 50-Hz noise are
significantly suppressed (Figure 12(f)). For quantitative analy-
sis, according to the theory of PSD, the detailed SNR was cal-
culated by Eq. (4) and listed in Table 1.
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Figure 12. Signal processing stages of (a) raw signal, (b) lock-
in amplifier, (c) digital filter, and the corresponding power spec-
tral densities of raw signal (d), lock-in amplifier (), digital filter

(®).

Table 1. SNR analysis of different signal processing stages

. 50-Hz
Stages Signal Harmonics (dB) | Noise SNR
(dB) (dB)
(dB)

2" order -15.74

Vin(©) -15.69 |3 order -17.88 |-25.57 |-3.15
4" order -21.98

Lock-in ampli- 2" order -6.60
fier & 50-Hz -2.04 |3 order -8.56 -43.24 |1.97

mitigation 4" order -14.16
2" order -19.03

Smoothed -3.63 [3“order-32.01 |-53.18 [14.54
4" order -34.36

It can be seen from Table 1 that the IMM improves the SNR by
about 17.7 dB (from -3.15 dB to 14.54 dB, about 59 times). The
signal power is boosted by 13 dB (from -15.69 dB to -2.04 dB,
about 20 times) after passing through the lock-in amplifier since
the magnitude of a specific frequency is amplified by a factor
of 1/2 A (See Eq. (4)). Moreover, the signal power is low-
ered a bit after passing through the digital low-pass filter as
caused by the passband gain of digital filter. Actually, in each
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experiment, the overall amplification factor was calibrated be-
fore the data recording to get the accurate result.

In the typical PEC sensors, before recording and processing
data by the build-in software of electrochemical workstation,
the on/off of light source was often manually controlled with
the typical period of 20 s for signal stabilization. A sample sig-
nal and its corresponding PSD are shown in Figure 13.

Since a quasi-square signal contains rich harmonic components,
the 2"-8™ harmonics of 0.05 Hz existed inherently. Using the
same calculation equation in Eq. (4), the SNR is 7.37 dB, about
7 dB (5 times) worse than our proposed method. Moreover,
since the 0.05-Hz fundamental frequency and its harmonics are
too close to separate by a low-pass filter, the harmonics (< 0.1
Hz) are more difficult to suppress in this case. In addition, the
on/off time of light source and the stability of photocurrent re-
sponse depend on subjective judgment and is prone to error.
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Figure 13. A sample signal recorded by typical method and its

corresponding PSD.
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Figure 14. A comparison of signal responses among our pro-
posed irradiation-modulated method (IMM), the conventional
method (CM) and the original data (raw data).

The comparison of signal quality between the proposed IMM
method and the typical method are presented in Figure 14.
When the concentration of the analyte is increased, due to the
continuously increase in the resistance of the electrode, the raw
photocurrent signal collected from the analog port of the elec-
trochemical workstation is overwhelmed by the strong noise
(blue line). It is difficult to identify the desired signal Vi, (t). By
the signal amplification and processing method built in the
lock-in amplifier, most of the noise is removed (green line), but
the shoulder parts of the quasi-square signal are severely
blurred, making it almost undiscernible. To make it worse, the
signal was interfered by the strong spikes. The photocurrent sig-
nal processed by our proposed IMM is clearly presented and
spike-free (red line), and the quasi-sine current response can be
easily measured by the peak-to-peak detection method (see Fig-
ure 4).
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Figure 15. Photocurrent responses of the sensors based on the
ATA sandwiched structure (a), the AuNPs/TiO; structure (b),
and the ATA sandwiched structure using the IMM method for
the detection of different concentrations of AFP (c). Linear fits
of the logarithm of the AFP concentration C and the photocur-
rent Al (d). Error bars show the standard deviation of five re-
peated measurements.

Table 2. Comparison of the performances of the PEC sensors
with different electrodes

Linear | Detection |, . o0 o
Electrodes range limit tionq R?
(ng/mL) | (pg/mL)
. B 1=0.81+
AuNPs/TiO, | 10%-50 59.45 0.11 logC 0.991
ATA-film 2 102 1=13.23 +
(CM) 10%-10 20.06 2.45 logC 0.992
ATA-film 2 103 1 =44.32 +
(IMM) 1010 45 6.79 logC 0.997

Table 3. Comparison of various methods for AFP detection

Linear range Detection
Analytical techniques 0 /mL)g limit Ref.
’ (pg/mL)
Fluorescence aptasensor 0.5-60 160 [41]
Resonance light scatter-
ing sensor 5.0-100 940 [42]
Photoelectrochemical
immunosensor 0.05-20 14.7 [43]
Photoelectrochemical this
sensor 0.01-1000 4.5 work

Photoelectrochemical detection of AFP antigen

Figure 15(a) presents the photocurrent responses of the de-
signed ATA-film electrode after being incubated with different
concentrations of the target protein. The photocurrent gradually
decreases with the increase of AFP concentration. AUNPS/TiO>
electrodes were also measured under the same experimental
condition for comparison (Figure 15(b)). It can be found that
the dipole image effect resulted in a 14-fold increase in photo-
current at the ATA sensor compared with Au/TiO; (22 pA vs
1.5 pA). And the enhancement of photocurrent tremendously
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improved the sensitivity of the ATA-film sensor by over 20
times (see Table 3).

Furthermore, the ATA sandwiched sample was sequentially
tested in this section with the IMM. Here, the voltage signal
outputted from the lock-in amplifier was converted into the cur-
rent value for comparison. The peak-to-peak value of sinusoidal
signals also gradually decreased as the AFP concentration in-
creased. As the SNR of the photocurrent signal is remarkably
enhanced by the ATA-film (T70) combined with the IMM, the
sensitivity rises by over 2 times with a detection limit of 4.5 pg
mL%, and the detection range is increased by one order of mag-
nitude. As shown in Figure 15(d), there is an excellent linear
relationship between the photocurrent and the logarithm of AFP
concentration. The detailed parameters are listed in See Table
2. Compared with the other AFP detection methods, this de-
signed PEC sensor exhibits a wider detection range and a lower
detection as can be seen from Table 3.

3.5. Specificity, reproducibility and stability of the sensor

The specificity of the designed AFP sensor was investigated by
exposure of the anti-AFP/ATA-film/FTO electrode to different
types of proteins, including the target protein AFP, the carci-
noembryonic antigen (CEA), the human chorionic gonadotro-
pin (HCG) and the bovine serum albumin (BSA), all have the
same concentration 10 ng mL™. As shown in Figure 16(a), no
distinct changes in photocurrent response are observed by ex-
posing the sensor to CEA, HCG, and BSA antigen. However, a
significant photocurrent is obtained under the same experi-
mental conditions when the antibody and AFP antigen are incu-
bated. At the same time, there are noteworthy differences be-
tween the AFP antigen and the other antigen groups (P < 0.001).
The results verify that the proposed PEC sensor has excellent
selectivity for AFP antigen.

The reproducibility of the designed sensor was investigated by
comparing the 0.01 ng mL* AFP antigen detection results of
five new modified electrodes (Figure 16(b)). The relative stand-
ard deviation is 1.79%, suggesting an acceptable reproducibility
for AFP antigen detection. The stability of the AFP sensor was
also examined. After being stored at 4T for two weeks, only a
slight drop of photocurrent response is observed, indicating an
excellent stability of the designed sensor.
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Figure 16. Measured specificity and stability of the PEC sensor
for AFP detection. (a) Photocurrent responses of the ATA struc-
ture sensor to AFP and other proteins (P < 0.001). (b) Stability
evaluation of the ATA structure sensor for detecting 0.01 ng
mL L. Error bars show the standard deviation of 5 repeated tests.

CONCLUSION

In this paper, the performance enhancement of a PEC sensor for
label-free AFP detection has been realized in spatial and tem-
poral domains. An ATA electrode uses the sandwiched struc-
ture of AuNPs, TiO, and Au film to enhance the light-matter

interaction in the spatial domain, and thus results in significant
enhancement of light absorption due to the dipole image effect.
Regarding the temporal domain, the IMM method is employed
to improve the SNR of the photocurrent. Compared with the
typical PEC sensors using the classical Au/TiO- electrode and
the manual operation, the sensitivity and the measurement
range of the designed sensor are increased by over 60 and 20
times, respectively. And its detection limit can reach as low as
4.5 pg mL™. The superior performance of our sensor as com-
pared to other reported AFP sensors using various sensing prin-
ciples suggests a bright prospect for its applications in photoe-
lectrochemical biosensors.
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